The aim of this study was to develop an in vitro system in which we could study the causal relationship between short-term stimulation of Na' ,K+-ATPase in the collecting tubule by aldosterone on the one hand and protein synthesis and changes in intracellular Na+ concentration on the other hand. Previous in vivo studies suggested that triiodothyronine might facilitate aldosterone-induced stimulation of Na +,K + -ATPase. Results show that when segments of cortical collecting tubules microdissected from collagenase-treated kidneys of adrenalectomized rats were incubated for 3 hr in the presence of either 10-8 M aldosterone or 10'8 M triiodothyronine alone Na + ,K + -ATPase activity was not altered, whereas the addition of both hormones markedly stimulated the activity and the number of catalytic sites of Na+,K+-ATPase. This stimulation was abolished by actinomycin D and cycloheximide, whereas it was not altered in the absence of extraceliular sodium or in the presence of the luminal Na+-channel blocker amiloride. Thus, triiodothyronine facilitates the in vitro induction of Na+,K+-ATPase synthesis by aldosterone. Aldosterone action on Na+,K+-ATPase is independent of Na+ availability.
The collecting tubule of the mammalian nephron is a major site of action of aldosterone, which stimulates Na+ reabsorption. In these cells, Na+ reabsorption from the luminal fluid to the peritubular medium is accomplished through a passive luminal entry by means of amiloride-sensitive channels and an active basolateral extrusion catalyzed by Na+,K+-ATPase. In vivo studies indicate that Na+ channels and also Na+,K+-ATPase are stimulated by aldosterone. Indeed, it has been reported previously that in vivo injection of aldosterone to adrenalectomized rats or rabbits stimulates Na+,K+-ATPase activity in the collecting tubule (1-3). However, we had been unable to reproduce this effect in vitro. Similarly, pieces of evidence for the in vitro effect of aldosterone on Na+ transport by the isolated microperfused collecting tubule in mammals are sparse and contradictory (4) (5) (6) , in contrast to what is observed in vivo after administration of mineralocorticoids (5, (7) (8) (9) . Because we recently demonstrated that triiodothyronine (T3) potentiates in vivo aldosterone action on the collecting tubule (10), we evaluated whether T3 might be the missing factor in in vitro induction of Na+ ,K +-ATPase by aldosterone. Indeed, incubation of single microdissected rat cortical collecting tubules (CCT) with both aldosterone and T3 markedly stimulated Na' ,K+-ATPase activity within 1-3 hr.
The development of this in vitro system allowed us to further study the mechanisms underlying the stimulation of Na+,K+-ATPase by aldosterone in the rat collecting tubule. In particular, we investigated whether this stimulation is a primary action of aldosterone or whether it is secondary to the increment of intracellular Na+ concentration brought about by the rise of luminal Na+ permeability (11, 12) . For this purpose, we evaluated the actions of protein synthesis inhibitors, extracellular Na+, and amiloride on in vitro aldosterone-induced stimulation of Na+ ,K +-ATPase activity.
METHODS
Animals. Experiments were carried out on normal or adrenalectomized male Wistar rats weighing 150-200 g, which were fed the usual laboratory diet ad libitum. Adrenalectomy was performed under light ether anesthesia 5-8 days before study. Adrenalectomized rats had free access to a 0.9o NaCl solution for drinking, whereas normal rats were given tap water.
Isolation and Incubation of Single Pieces of CCT. After anesthesia (pentobarbital at 5 mg per 100 g of body weight), the left kidney was quickly perfused by way of the abdominal aorta with 4 ml of the incubation solution (see below) containing 1% (wt/vol) collagenase. In order to avoid kidney anoxia, the aorta was ligated above the renal artery junctions just before starting the perfusion. The left kidney was immediately removed and sliced into small pyramids, which were incubated at 30°C for 15-20 min in aerated incubation solution containing 0.07% (wt/vol) collagenase. The pyr4-mids were then thoroughly rinsed in ice-cold incubation solution and kept at 4°C.
CCT were microdissected in incubation solution maintained at 4°C, and the length of each tubule (0.3-1.2 mm) was measured by automatic image processing as previously reported (13) and served as reference for ATPase activity. Tubules were then individually transferred in 0.5 ,ul of incubation solution to the concavity of a sunken bacteriological slide coated with bovine serum albumin. After addition of another 0.5 ,ul of incubation solution, which contained the different hormones (aldosterone and/or T3) or agents tested at a concentration twice that required in the final medium, incubation was started by immersing the samples in a water bath at 37°C. Incubation lasted for 0.5-3 hr.
The incubation solution, derived from Eagle's minimal essential medium, contained 120 mM NaCl, 5 mM KCI, 1 mM CaC12, 1 mM MgSO4, 4 mM NaH2PO4, 4 mM NaHCO3, 5 mM glucose, 10 bules.
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viously described microtechniques (14, 15) (16); P values less than 0.05 were considered significant. RESULTS In Vitro Stimulation of Na+,K+-ATPase by Aldosterone in the Presence of T3 in CCT from Adrenalectomized Rats. Incubation of single segments of CCT at 370C in the absence of any hormone in the medium did not alter Na',K+-ATPase throughout a 3-hr period. Within this period, addition of either aldosterone alone (10-8_10-7 M) or T3 alone (10-9-10-8 M) had no effect on Na+,K+-ATPase activity. In contrast, when the two hormones were simultaneously added to CCT microdissected from the same animal, Na+,K+-ATPase activity increased from 272 + 53 pmolmm-1 hr-' (mean + SEM) in the absence of hormone to 1328 + 114 pmol-mm-lhr-1 (mean + SEM; n = 6; P < 0.001) in the presence of the two hormones ( Fig. 1) .
This stimulation was time-dependent ( Fig. 2) because it was apparent after a 30-min lag period and reached a maximum within 2 hr. Stimulation of Na+,K+-ATPase was also dosedependent in regard to the two hormones (Fig. 3 ). In the presence of a maximal dose of T3 (10-8 M) the threshold of stimulation by aldosterone was >10-10 M, and the apparent K', was close to 10-9 M. Reciprocally, in the presence of a maximal dose of aldosterone (10-8 M) , the threshold stimulation by T3 was 10-M, and the apparent Ky was close to 10-10 M. 2 Finally, we verified that the number of catalytic sites of Na+,K+-ATPase, as measured by specific [3H]ouabain binding, increased in parallel with Na+,K+-ATPase activity following incubation of rat CCT with both aldosterone and T3 (Table 1) . Thus, the specific activity (or turnover rate) of Na+,K+-ATPase remained almost constant as previously observed in rabbit CCT after in vivo aldosterone injection (17) . Na +,K +-ATPase Stimulation Is Independent of Na + Availability. Results depicted in Fig. 4 Samples were incubated for 2-3 hr in Eagle's minimal essential medium before Na',K+-ATPase activity was measured. Tubules from the same animals were incubated either in the absence of any hormone (ADX) or in the presence of 10-9-108 M T3, 10-_10-7 M aldosterone (Aldo), or both (T3 + Aldo). Each line joins the experimental values determined for a given animal. Points and error bars represent means + SEM for each experimental condition. **, P < 0.001 as compared to ADX, T3, and Aldo groups by variance analysis.
channels (18) (19) (20) did not alter the stimulation of Na',K+-ATPase in response to aldosterone plus T3 (Table 2 ).
In contrast, higher concentrations of amiloride (200 ILM) curtailed the aldosterone-induced stimulation of Na+,K+-ATPase (Table 3) , as previously observed in vivo (3). However, this inhibitory action is not related to the blocking of the luminal Na+ entrance, because it was also observed in Na'-free medium (Table 3) . Rather, the high concentration of amiloride may have inhibited protein synthesis, as previously reported (21) . Indeed, stimulation of Na+ ,K +-ATPase activity by aldosterone was totally abolished in the presence of more specific inhibitors of mRNA and protein synthesis such as actinomycin D and cycloheximide (Fig. 5) .
In Vitro Action of Aldosterone in CCT of Normal Rats. In a last series of experiments, we studied whether or not former 1000.. aldosterone deprivation was a prerequisite for observing Na',K+-ATPase stimulation. The results in Fig. 6 demonstrate that incubation of CCT from normal rats in the presence of aldosterone and T3 induced a marked increase in Na',K+-ATPase activity within 3 hr [from a control value of 888 + 88 pmolmmm--'hr 1 (mean SEM) to a value of 1553 + 127 ptnolmm-'hr-1 (mean SEM; n = 8; P < 0.001) in the presence of aldosterone plus T3]. It is noteworthy that although basal Na+,K + -ATPase activities in CCT were much higher in normal than in adrenalectomized rats (as previously reported), they were quite similar after aldosterone stimulation. After stimulation by aldosterone and T3, CCT from normal and adrenalectomized rats had Na+,K+-ATPase activities of 1553 127 pmol-mm-1hr-' (mean + SEM; n = 8) and 1328 114 pmol-mm-1hr-1 (mean + SEM; n = 6), respectively. Thus the stimulation factor was lower in normal than in adrenalectomized rats.
DISCUSSION
In this study, we demonstrated that in vitro addition of aldosterone stimulates the activity of Na',K+-ATPase in the rat CCT. However, observation of this stimulatory effect required the presence of T3, as expected from previous in vivo studies (10, 22) . Indeed, it has been reported that the development of both antinatriuresis (22) and stimulation of collecting tubule Na' ,K+-ATPase (10) required lower doses of mineralocorticoids in euthyroid than in hypothyroid animals. The absolute requirement for T3 to observe the stimulation of Na',K+-ATPase in CCT in response to aldosterone may explain the difficulties encountered so far in demonstrating a short-term mineralocorticoid-induced stimulation of sodium reabsorption using the in vitro microperfusion technique (5). The molecular mechanisms underlying this "permissive" effect of T3 are not clear at this time. Both aldosterone and T3 promote their effect by modulating the expression of specific genes at the nuclear level and, thereby, by inducing or repressing the expression of specific proteins (23) (24) (25) (26) . However, it is not known whether the two hormones directly control the genes of Na+,K+-ATPase or whether one of them has posttranscriptional effects.
That aldosterone actually induces the de novo synthesis of Na+,K+-ATPase is based on the following pieces of evidence. First, aldosterone increased in parallel the activity and the number of catalytic sites of Na+ ,K + -ATPase (Table   1) . Second, the aldosterone-induced stimulation of Na', K+-ATPase was abolished by actinomycin D and cycloheximide (Fig. 5) . Third, aldosterone has been shown to increase the amount of immunoprecipitable, biosynthetically The results in Fig. 2 show that the stimulation of the synthesis of Na+,K+-ATPase occurs rapidly and restores an almost normal steady-state activity within 2-3 hr after hormonal stimulation. In view of the relatively long half-life of Na+,K+-ATPase (2-3 days), this result suggests that stimulation of Na+,K+-ATPase synthesis is transient and must be blocked by a feedback mechanism at any step along the biosynthesis and/or maturation pathways.
This study was primarily aimed at determining whether induction of Na+,K+-ATPase in the collecting tubule is a primary action of aldosterone or whether it is secondary to other actions of the hormone. In particular, it has been proposed that induction of Na+,K+-ATPase synthesis in response to aldosterone was due to a transient increase in the steady-state intracellular Na+ concentration brought about by a primary action of aldosterone on luminal Na+ 469 ± 121t CCT from the same animal were incubated for 3 hr at 370C under normal conditions (no additions) or in the presence of either 10-8 M aldosterone (Aldo) plus 10-8 M T3, 0.2 mM amiloride, or amiloride plus aldosterone and T3. For each of these conditions, incubations were carried out in the presence of Na+ (+ Na+ ) or in a medium in which NaCl had been replaced by choline chloride (-Na+). Values are the means ± SD of the difference between the total and Mg2 +-ATPase activities determined on four to six replicate samples. Statistical analysis was assessed by variance analysis; for each group, Na+,K+-ATPase activities were similar after incubation in the presence or absence of Na+. *P < 0.001 as compared to the corresponding control group. tNot statistically different from the corresponding amiloride group.
conductance (11) . This hypothesis is based on the observation that in vivo administration of amiloride, which blocks luminal Na+ channels of the collecting tubule, abolished the shortterm stimulation of Na+,K+-ATPase in rabbit CCT induced by aldosterone injection (3) . However, this hypothesis is ruled out by the present finding that in vitro stimulation of Na+,K+-ATPase by aldosterone can be observed in the absence of extracellular Na+ (Fig. 4) and is not abolished in the presence of amiloride in a concentration sufficient to block Na+ channels (Table 2) . A Na+-independent stimulation of Na+,K+-ATPase by aldosterone has also been reported in kidney tubule suspensions (30) . Furthermore, in their above-mentioned study, Verrey et al. (29) demonstrated that induction of Na+,K+-ATPase in cultured A6 cells is a primary action of aldosterone, because increased synthesis of mRNAs coding for the a and ,B subunits of Na+ ,K +-ATPase was not altered by the presence of concentrations of cycloheximide that blocked the hormone action on Na+ transport, as measured by short-circuit current. Finally, the results in the present study provide an explanation for the lack of agreement between amiloride effects in vivo and in vitro. Indeed, high concentrations of amiloride, which might have 1400. been reached in the in vivo study quoted above (3), do abolish Na',K+-ATPase stimulation in response to aldosterone. However, this inhibitory action of amiloride is independent of the blocking of Na+ channels as it is still observed in the absence of extracellular Na + (Table 3) . Rather, it may be due to a side effect of amiloride on protein synthesis, as previously reported in hepatocytes (21) .
At this point of the discussion, it should be stressed that the finding that aldosterone primarily induces Na+,K+-ATPase synthesis does not preclude that it also primarily increases luminal Na+ permeability, as first described by Crabbe (11) . Indeed, aldosterone promotes a pleiotropic action by controlling the expression of multiple genes coding for several proteins (31) expected to have a coordinated role in the final cellular hormone action. With this regard, stimulating transport systems for both luminal Na+ entry and basolateral Na+ exit allows transepithelial Na+ reabsorption to increase without altering cellular homeostasis.
The finding that aldosterone stimulates Na+,K+-ATPase activity in CCT from either adrenalectomized or normal rats suggests that this effect may be observed under physiological conditions (i.e., in response to moderate variations of the plasma level of aldosterone) and not only during extreme experimental conditions. In summary, we demonstrated that T3 is necessary to observe an in vitro short-term stimulation of Na + ,K + -ATPase by aldosterone in the collecting tubule, but the mechanism of interaction between the two hormones has not been elucidated. Stimulation of Na+,K+-ATPase is probably due to an increment of its synthesis. This process is independent of Na+ availability.
